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BIOCOMPATIBLE POLYMER NETWORKS 



The present invention relates to f unctionalized 
prepolymers and to biocompatible polymer networks, especially 
5 biodegradable polymer networks, obtainable by polymerization 
of said f unctionalized prepolymers. The f unctionalized 
prepolymers and polymer networks are suitable for use as a 
medicament in for example the medical fields of tissue 
engineering and/or drug delivery. The invention further 
10 relates to methods for providing said f unctionalized 
prepolymers and said polymer networks. 

Polymer networks play an important role in both human 
and veterinary medicine and especially in the medical fields 
of tissue engineering, repair and/or regeneration, and drug 
15 delivery. 

The polymer networks can be used as temporary and/or 
biocompatible scaffolds in which cells and tissues can grow 
and proliferate. Such polymer networks are ideally in the 
form of creep-resistant elastomeric polymer networks. 

20 The polymer network can serve as an in vivo scaffold 

providing for example an environment to the developing cells 
or tissues protecting the vulnerable cells or tissues against 
mechanical forces in the body, a basis for adherence of cells 
or tissues, or a mold for shaping the final form of the 

25 regenerated or engineered tissues. 

These polymer networks can also be used in vitro , 
whereby first the cells or tissues are grown in a controlled 
environment like an incubator, and then transformed into the 
body. This approach is especially suited for cells or tissues 

30 which only grow under specific conditions, like p0 2 , nutrient 
requirements, growth factors, or temperature. This approach 
also provides the person skilled in the art relative easy 
manipulation of the growing cells or tissues by for example 
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genetic engineering in comparison with in vivo cell or tissue 
growth. 

In addition, polymer networks, for example in the 
form of hydrogels, can be used for the delivery of a variety 
5 of therapeutic, prophylactic, and/or immunogenic compounds to 
the body or to specific target tissues. For this, the polymer 
network is loaded with one or more compounds, which usually 
are released either by diffusion out or by degradation of the 
polymer network or by combinations thereof. 

10 One important aspect of the polymer networks is the 

biocompatibility of the network. Biocompatibility is 
determined by a number of factors amongst which the 
immunogenic properties of the polymer network, the mechanical 
properties of the polymer network, the degradation rate of 

15 the polymer network and very important, the biological 

toxicity of the network. Biological toxicity of a polymer 
network is predominantly determined by the toxicity of the 
compounds, the remnants, the reaction products, and/or the 
degradation products and the methods used for preparation. 

20 In many cases polymer networks predominantly comprise 

polymerized, also designated as cross-linked, f unctionalized 
prepolymers, and the toxicity of the f unctionalized 
prepolymers, of their breakdown products, and of toxicity 
introduced into the network by for example additives during 

25 preparation play an important role in the final toxicity of 
the polymer network. 

The term "prepolymers" as used herein comprises 
polymers and oligomers either linear, branched or star- 
shaped. A wide variety of prepolymers are available for 

30 providing polymer networks. A prepolymer can for example be a 
protein or protein complex, a polymer, a co-polymer, an 
oligonucleotide, a saccharide, an oligosaccharide, a 
polysaccharide, or combinations thereof. 
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Specific examples of prepolymers used in the art 
include poly (ethylene glycol) (PEG), poly ( trimethylene 
carbonate) (polyTMC) , poly ( D, L-lactide ) ( PDDLA) , poly (D- 
lactide) (PDLA) , poly (L-iactide) (PLLA), 
5 poly (e-caprolactone) (PCL) , poly (ethylene glycol-lactide) , 
poly (ethylene glycolcaprolactone ) , poly (ethylene glycol- 
glycolide) , PEG-b-PLA, poly (D, L- 3 -methyl gly col ide) -PEG 
triblock copolymer, poly (ether-anhydride) , PEG-PLLA or PCL 
multiblock copolymers, poly (ether ester) s, poly(ester- 

10 urethane) elastomers, poly(ester) elastomers, 

poly (hydroxybutyrate) , poly (hydroxybutyrate-co-valerate) , 
poly (phosphazenes) , poly (glycerol sebacate) , starch, or 
combinations thereof* 

The term "f unctionalized prepolymer" as used herein 

15 comprises a derivatized prepolymer which derivatization 

usually consists of linking the prepolymer with one or more 
functional groups like (meth) acrylate, styryl, coumarin, 
phenylazide and fumarate groups. Such f unctionalized 
prepolymers allow for polymerization into polymer networks. 

20 In the art, a f unctionalized prepolymer is also designated as 
a macromer. 

The degree and rate of polymerization, the properties 
of the f unctionalized prepolymers (macromers) used, and the 
specific reaction conditions all provide control of the 

25 characteristics of the resulting polymer network. For use in 
medicine desirable characteristics are for example creep 
resistance, structural integrity, degradation rate, or form, 
like a hydrogel or an elastomer. 

Until now, polymer networks of f unctionalized 

30 prepolymers (macromers) still possess a certain undesirable 
degree of toxicity. As already stated above, this toxicity 
can be due to the prepolymer or its breakdown products, or to 
prepolymer, f unctionalized prepolymer and/or polymer network 
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preparation methods. With respect to the preparation 
processes, the functional group used to f unctionalize the 
prepolymer, the specific method of f unctionalization, and/or 
the method used for the polymerization, for example the use 
5 of acrylates, can all contribute to the toxicity of the final 
product . 

It is therefore an object of the present invention to 
provide a functionalized prepolymer (macromer) which can be 
used to provide polymer networks which polymer networks are 

10 less toxic, as compared with the polymer networks according 
to the prior art, or non-toxic. 

Therefore, according to the present invention, there 
is provided a functionalized prepolymer (macromer) obtainable 
by reaction of a prepolymer comprising at least one 

15 alcoholic, amine and/or sulfhydril group with an unsaturated 
mono-esterif ied dicarbonic acid. 

Degradation of an unsaturated mono-esterif ied 
dicarbonic acid functionalized prepolymer (macromer) results 
in the release of non-toxic degradation products when the 

20 final product, the polymer network, is degraded. Unsaturated 
mono-esterified dicarbonic acids are therefore the functional 
group of choice over other (toxic) functional groups and 
their degradation products like (meth) acylate, styryl, 
coumarin, and phenylazide groups. 

25 In addition, unsaturated mono-esterified dicarbonic 

acids allow for f unctionalization of the prepolymer under 
relatively mild conditions. These mild conditions are in 
general required since the prepolymers suitable to be used in 
the polymer network according to the invention are 

30 susceptible to degradation. 

In the research that lead to the present invention, 
it was found that the use of other dicarbonic acids, like for 
example a carboxylic acid chloride, resulted in a deep brown 
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color of the f unctionalized prepolymers (macromers ) 
indicative of a degradation of the prepolymer during 
functionalization. This was probably due to the high 
reactivity of the carboxylic acid chloride. Similar results 
5 were obtained by using a dicarbonic acid without additional 
groups . 

[: 3 also surprisingly found by the inventors that 
prepoiyrr.-- r :.: £ unctionalized with an unsaturated mono- 
esterii i di carbonic acid showed a higher reactivity during 

10 format icu c-i the polymer network in comparison with 

prepolym; r f unctionalized with other dicarbonic acids. 

In order to allow for a reaction, for example an 
ester r^-.-icc ion, between the unsaturated mono-esterif ied 
carbonit.: acid and the prepolymer, the prepolymer has to 

15 comprise a reactive group such as an alcohol , amine and/or 
sulf hydr i 1 group . 

It is well within the knowledge of the person skilled 
in the art to determine a suitable reaction and reaction 
conditions to allow for a reaction between the unsaturated 

20 mono-esterif ied dicarbonic acid and the prepolymer resulting 
in a f unctionalized prepolymer (macromer) „ For example, if 
the prepolymer comprises an alcohol group, the reaction of 
choice will be an esterif ication reaction under the 
appropriate conditions like solvent, temperature, pH, etc. 

25 A polymer network comprising the above-defined 

f unctionalized prepolymer (macromer) is obtainable by radical 
polymerization wherein the unsaturated bond in the 
unsaturated mono-esterif ied carbonic acid is used to link the 
separate derivatized macromers into a network. 

30 Since it is preferable with respect to the desired 

characteristics of the polymer network to carefully control 
the polymerization, it is advantageous to use ultra-violet 
(UV) radical polymerization, optionally in combination with a 
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photoinitiator, heat radical polymerization or redox 
initiation for the preparation of the polymer networks. By 
using these methods especially the rate of polymerization and 
the polymerization degree can be controlled. 
5 In addition, since these polymerization methods 

require relatively mild reaction conditions, these methods of 
polymerization allow for the in vivo polymerization of the 
derivatized macromers which is advantageous when the 
resultant polymer network is to be prepared on or in the 

10 body. 

According to one aspect of the present invention, the 
unsaturated mono-esterif ied dicarbonic acid is at a terminus 
of the prepolymer, thus providing an end-capped 
functionalized prepolymer (macromer) . By using end-capped 

15 functionalized prepolymers (macromers), the resulting 
structure of the polymer networks and thus its 
characteristics like degradation and/or diffusion rates, and 
mechanical properties, can be further controlled since the 
way the functionalized prepolymers (macromers) are linked 

20 during the polymerization can be predicted in advance. 

In one embodiment of the present invention, the 
unsaturated mono-esterif ied dicarbonic acid is mono- 
esterified fumaric acid. Breakdown products of fumaric acid 
are less or non-toxic and biocompatible and thus safe to use 

25 in polymer networks for tissue engineering, tissue 
regeneration, tissue repair, and/or drug delivery. 

The unsaturated mono-esterif ied dicarbonic acid 
according to the invention is preferably obtained by 
esterification with a Cj-Cj alcohol, more preferably an 

30 ethanol. These compounds exhibit an excellent solubility, are 
commercially available, and provide excellent reactivity of 
the functional group during polymerization. 
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Taken into account the above it is highly 
advantageous to f unctionalize the prepolymer into a 
f unctionalized prepolymer (macromer) according to the 
invention with fumaric acid mono-ethyl ester. 
5 A large variety of prepolymers can be used according 

to the present invention, like proteins or protein complexes, 
polymers, co-polymers, oligonucleotides, sugars, oligosugars, 
polysugars, or combination thereof. Specific examples of 
prepolymers include, but not limited thereto, poly (ethylene 

10 glycol) (PEG) , poly ( trimethylene carbonate) (polyTMC) , 

poly (D,L-lactide) ( PDLLA) , poly (D-lactide) (PDLA) , poly(L- 
lactide) (PLLA), poly (e-caprolactone) (PCL), poly (ethylene 
glycol-lactide) , poly (ethylene glycolcaprolactone) , 
poly (ethylene glycol-glycolide) , PEG-b-PLA, poly(D,L-3- 

15 methylglycolide) -PEG triblock copolymer, poly (ether- 
anhydride ) , PEG-PLLA or PCL multiblock copolymers, poly (ether 
ester) s, poly (ester-urethane) elastomers, poly (ester) 
elastomers, poly (hydroxybutyrate) , poly (hydroxybutyrate-co- 
valerate) , poly (phosphazenes) , poly (glycerol sebacate) , or 

20 starch. The preferred prepolymers to be used according to the 
invention are poly (ethylene glycol) (PEG), poly (trimethylene 
carbonate) (TMC) , poly (D, L-lactide) , poly (e-caprolactone) , 
and/or poly (dioxanone) . 

According to the invention, the f unctionalized 

25 prepolymers (macromers) can be provided by a method 

comprising the reaction, for example an esterif ication, of at 
least one alcoholic, amine and/or sulfhydril group with an 
unsaturated mono-esterif ied dicarbonic acid. The specific 
reaction conditions used are common knowledge of the person 

30 skilled in the art and can be readily performed without undue 
experimentation. 
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For example, in case fumaric acid mono-ethyl ester is 
used, the reaction of choice will be an esterif ication 
reaction . 

The polymer network according to the invention can be 
5 provided by a method comprising radical polymerization of the 
above--c":..;L.-ic terized f unctionalized prepolymers (macromers) . 
For re.:." already provided, the radical polymerization is 
prefer.-ii.-ly ultra-violet (UV) radical polymerization, redox 
radical polymerization, and/or heat radical polymerization. 
10 The f unctionalized prepolymers (macromers) can be in the form 
of a molt , solution and/or suspension. 

According to one embodiment, a method for providing a 
polymer network according to the invention comprises 

- dissolution of the f unctionalized 
15 prepolymer (macromer) in a suitable 

solvent or providing a melt of the 
functionalized prepolymer (macromer); 

- ultra-violet (UV) radiation, redox 
radical polymerization, and/or heat 

20 treatment of the functionalized 

prepolymer (macromer) . 
Dissolution of the functionalized prepolymer 
(macromer) is preferably carried out in a solvent which 
evaporates at low temperatures for easy removal of the 
25 solvent after processing. Examples of such solvents are 
chloroform, dichloromethane, THF, and acetone. 

After dissolution or melting the functionalized 
prepolymer (macromer), optionally one or more 
(photo) initiators can be used for starting the radical 
30 polymerization cascade. These (photo) initiators can be added 
to the dissolved functionalized prepolymer (macromer) or the 
melt before, during, or after dissolution or melting. 
Examples of suitable (photo) initiators according to the 
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present invention are 2 , 2-dimethoxy-2~phenylacetophenone 

(DMPA) / peroxide, and AIBN . 

If a solution of the f unctionalized prepolymer 
(macromer) is used, the solvent can optionally be evaporated 
5 before polymerization. 

The resultant solution, film (either obtained from 
evaporation of the solvent or cooling of the melt), and/or 
other structures, is exposed to ultra-violet (UV) light 
and/or heat in order to polymerize the f unctionalized 

10 prepolymers (macromers) . This exposure is continued until a 
polymer network with the desired characteristics is obtained. 

The polymer network according to the invention is 
especially suited to be used as a medicament. Such medicament 
can be used for tissue engineering, tissue regeneration, 

15 and/or cell or drug delivery. 

One example of the use of the polymer network 
according to the invention for tissue engineering is to 
design a polymer network defining pre-determined cavities. 
Such cavities can be obtained by adding to the mixture of the 

20 functionalized prepolymer (macromer) and the 

(photo) initiator, leachable particles like salts. After 
polymerization these particles are removed by leaching 
resulting in a polymer network with cavities wherein the size 
and distribution of the cavities is determined by the method 

25 of mixing and polymerization and the size of the leachable 
particles. 

After obtaining such polymer network, cells or tissue 
preparations can be seeded in or on the polymer network under 
suitable conditions and allowed to grow and/or to develop 
30 either in vivo or in vitro 

In addition, it is also possible to use 
advantageously the functionalized prepolymers (macromers) as 
a medicament as such. The functionalized prepolymer 
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(macromer) , ■ either in solution, as a liquid, as a suspension, 
,as a gel, or as a solid, can be placed on or inside the 
body. Subsequently polymerization of the f unctionalized 
prepolymer can be initiated forming a polymer network 
5 according to the invention. 

The polymer network obtained can be used as, for 
example, a scaffold for tissue generation and/or repair or 
for the delivery of compounds to the body by mixing into the 
functionalized prepolymer composition a therapeutic, 

10 immunogenic or prophylactic compounds thus providing for 
example a sustained release matrix. 

The invention will further be illustrated in the 
following examples which are not intended to limit the 
embodiments of the present invention, but are provided for 

15 illustration purposes only. In the examples reference is made 
to the following figures. 

FIGURES 

20 Figure 1. 1 H-NMR spectrum of a TMC/DLLA functionalized 

prepolymer (macromer) in CDC1 3 . 

Figure 2. Thermal properties of TMC/DLLA triols, 
functionalized prepolymers (macromers) and the resultant 
networks as a function of TMC content in the oligomers. 

25 Figure 3. Phase transition behavior of linear 

2000PEG50/PMTC50 diol . 

Figure 4. DSC traces of 2000PEG50/PMTC50 diol, 
functionalized prepolymer (macromer) and the resultant 
networks (A) and 10000PEG50/PMTC50 triol, functionalized 
30 prepolymer (macromer) and the resultant network (B) . 

Figure 5.' Swelling behavior of the resultant PEG/PTMC 
networks as a function of temperature. 
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Figure 6. Synthesis route for three-armed ethyl 
fumarated end-capped trimethylene carbonate prepolyrner. 

Figure 7. Creep-recovery curve of linear high 
molecular weight PTMC and TMC networks (M n 13,9 * 10 3 ) formed 
5 by UV photo crosslinking (after extraction in ethanol) . 

Figure 8. Scaffold prepared from the f unctionalized 
prepolyrner (macrorner ) /salt mixture by photo crosslinking 
(salt particle size: 250-425 |lm; salt concentration: 75 
wt%);. A: M n 4.5*10 3 ; B: M n 9.4*10 3 . 

10 

EXAMPLES 

The values indicated are expressed in their 
corresponding Si-units unless stated otherwise. Specifically, 
15 number average molecular weights (M n ) are expressed in 10 3 
g/mol units, unless stated otherwise. 

Example 1. Synthesis of biocompatible polymer networks by UV 
photo crosslinking 

20 

Introduction 

Below, the synthesis is described of biocompatible, 
and especially biodegradable, networks formed by photo cross- 
linking of ethyl fumarate end-capped f unctionalized 

25 prepolymers (macromers) . The functionalized prepolymers 

(macromers) were obtained through the reaction of hydroxyl- 
terminated prepolymers and fumaric acid monoethyl ester under 
mild conditions. Prepolymers (oligomers) from D, L-lactide, 
1, 3-trimethylene carbonate (TMC), e-caprolactone (CL) and 

30 ethylene glycol (co) monomers were used for the synthesis of 
these functionalized prepolymers (macromers) and polymer 
networks. The absorbable networks are designed to eventually 
convert to non-toxic degradation products. 
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Experimental 

Materials 

D, L-lactide and 1, 3-trimethylene carbonate (TMC) 
5 (l,3-dioxan-2-one) were obtained from Purac, the Netherlands 
and Boehringer Ingelheim, Germany, respectively. D, L-lactide 
was purified by recrystallization under dry N 2 from sodium 
dried toluene. S-caprolactone (CL, Acros Organics, Belgium) 
was purified by drying over CaH 2 and distilled under reduced 
10 argon atmosphere. Stannous octoate (SnOct 2 ) was used as 
received from Sigma, USA. Glycerol ( spectrophotometry 
grade), fumaric acid monoethyl ester and 

4- (dimethylamino) pyridine ( DMAP ) were purchased from Aldrich. 

N,N-dicyclohexylcarbodiimide (DCC) was purchased from Fluka. 
15 Dichloromethane (Biosolve, the Netherlands) was dried over 

CaH 2 and distilled. 2, 2-dimethoxy-2-phenylacetophenone 

({DMPA, Aldrich) was used as a photo initiator. Petroleum 

ether (b.p. 40-60 °C) was purchased from Merck (Germany) . 

Polyethylene glycol) (M n =2.0*10 3 and, 4.0 *10 3 g/mol), 
20 poly(e-caprolactone) (M n =1.3*10 3 , and 2.0*10 3 g/mol) oligomers 

were obtained from Aldrich. 

Synthesis of linear and branched ethy l fumarate end-capped 
functionalized prepolvmers (macromers) 

25 The synthesis of linear and 3-armed ethyl fumarate 

end-capped functionalized prepolymers (macromers) were 
prepared by esterif ication of the corresponding oligomer 
diols or triols with fumaric acid monoethyl ester in the 
presence of DMAP and DCC at room temperature. 

30 Poly (ethylene glycol) and poly (e-caprolactone) diols are 

commercially available. Three-armed poly (trimethylene carbonate- 
co-D, L-lactide) and poly (trimethylene 

carbonate-co-e-caprolactone) triols are synthesized by ring- 
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opening polymerization of TMC and DLLA or CL mixtures. 

A typical reaction was carried out as follows. In an 
argon atmosphere, ( co) monomer (s) , glycerol, and 2*10"" mol of 
stannous octoate per mol of (co)monomer were added into a 
5 three-necked flask with a magnetic stirrer. The molecular 
weights of the polymer triols were varied by adjusting the 
(co)monomer/ glycerol ratio. The reaction was carried out at 
130 °C under stirring for 40 hr. Then the reaction mixture 
was cooled to room temperature and dissolved in 

10 dichloromethane. The product was purified by precipitation in 
an excess of petroleum ether to remove the unreacted monomer 
and dried in a vacuum oven for 2 days at room temperature. 

Ethyl fumarate end-capped macromers were prepared as 
follows. For example, three-armed ( trimethylene carbonate-co- 

15 D,L-lactide) oligomer triol (0.001 mol) was charged in a 100 
ml three-necked flask equipped with a magnetic stirrer. The 
oligomeric triol was dried by heating at 110 °C under vacuum 
for 6 hr. After cooling to room temperature, 60 ml of dried 
dichloromethane was added. The contents of the reaction flask 

20 were kept under a dry argon atmosphere at room temperature 
while stirring. Then 0.0036 mol of fumaric acid monoethyl 
ester was added to the triol solution. The mixture was 
stirred for another 30 minutes before a chloroform solution 
containing DCC (0.0036 mol) and DMAP (0.0001 mol) was added 

25 drop-wise during vigorous stirring. The reaction was 

continued at room temperature for 4 8 hr. During the reaction, 
dicyclohexylurea (DCU) was precipitated as a white solid. The 
precipitate was removed by filtration, and the filtrate was 
precipitated in an excess of petroleum ether. The product was 

30 recovered by filtration and dried in a vacuum oven for 40 hr 
at room temperature to a constant weight. 

Photo-crosslinkina of the functionalized prepolvmers 



WO 2005/002596 



PCT/EP2003/0 11456 



14 

(macromers) 

Functionalized prepolymers (macromers) and 
photoinitiator were mixed in chloroform, cast, and after 
solvent evaporation the resulting transparent films were 
5 exposed to UV light (15 W, 360nm UV-tube light; Philips, The 
Netherlands) . The distance between the UV lamp and the sample 
was 10 cm. Photo-crosslinking time was controlled for 3 hr. 
After photo-crosslinking, the gel content of the resultant 
networks was measured. The gel content was defined as the 
10 percentage of insoluble part against the total weight of the 
irradiated structure before extraction. Extraction was 
performed in chloroform at room temperature for 24 hr. 

Gel content = w x /w 2 x 100% ■ 

15 ! 

> 

Wherein w x is the weight of insoluble part after extraction 
and w 2 the total weight of the inadiated structure before 
extraction . 

20 Characterization 

The synthesized prepolymers (oligomers) and 

functionalized prepolymers (macromers) were characterized 

with respect to the monomer conversion and chemical 

composition by nuclear magnetic resonance (NMR) spectroscopy. 
25 300 MHz Hi-NMR (Varian Inova 300 MHz) spectra were recorded 

using prepolymer (oligomer) or functionalized prepolymer 

(macromer) solutions in CDC1 3 (Sigma, USA) . 

* 

Thermal properties of the prepolymers (oligomers) and 
resultant polymer networks were evaluated by differential 
30 scanning calorimetry (DSC). Samples (5-15 mg) placed in 

stainless pans were analysed with a Perkin Elmer DSC-7 at a 
heating rate of 10 °C/min. All samples were heated to 100 °C. 
The samples were then quenched rapidly (300 °C/min) until 
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-80 °C and after 5 min a second scan was recorded. Unless 
indicated otherwise, the data presented were taken collected 
during the second heating scan. The glass transition 
temperature was taken as the midpoint of the heat capacity 
5 change. Indium and gallium were used as standards for 
temperature calibration. 

Molecular weights, molecular weight distributions,, 
and intrinsic viscosities of the triol polymers and macromers 
were determined by gel permeation chromatography (GPC) using 

10 a Waters Model 510 pump, a HP-Ti-Series 1050 autosampler , a 
Waters Model 410 Differential Refractomer, and a Viscotek . 
H502 Viscometer Detector with 10 5 -10 4 -10 3 -510 A Waters Ultra- 
Styragel columns placed in series. Chloroform was used as 
eluent at a flow rate of 1.5 ml min" 1 . Narrow polystyrene 

15 standards were used for calibration. Sample concentrations of 
approximately 0.5% wt/vol and injection volume of 30 ]2l were 
used. All determinations were performed at 25 °C. 

Results 

20 

Synthesis of ethyl fumarate end-capped prepolymers 

To synthesize the biocompatible, and especially 
biodegradable, polymer networks, ethyl fumarate end-capped 
prepolymers were first prepared from linear PEG and PCL 

25 diols, and star-shaped TMC-co-DLLA and TMC-co~CL triols. The 
diols are commercially available and used directly, while the 
star-shaped triols were synthesized by ring-opening 
polymerization of the (co)monomer at 130 °C using glycerol as 
an initiator and stannous octoate as a catalyst. The 

30 syntheses and characteristics of the TMC/DLLA and TMC/CL 
triols are illustrated in Tables 1 and 2. 
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Table 1. Synthesis and characteristics of TMC/DLLA triols. 



Code 


TMC : DLLA 
monomer 
(molS) 


TMC 
conversion 
(%) 


DLLA 

■ 

conversion 
(%) 


TMC : DLLA 
polymer 
(mol%) 


M 


PDI 


T 
(°C) 


Appearance 
at RT 


1 


. 1 Aft 




9b. 9 


0: 100 


4 . 0 


1 .22 


30 . 0 


brittle, 
solid 


2 


20:80 


96.8 


96.9 


14:86 


4.0 


1.27 


16.4 


glassy, 
transparent 


3 


40:60 


96.5 


99.6 


31:69 


3.8 


1.38 


4.9 


viscous, 
transparent 


4 


60:40 


99.6 


94.2 


53:47 


3.1 


1.49 


-9.6 


viscous, 
transparent 


5 


80:20 


97.9 


96.3 


76:24 


3.3 


1.63 


-21.2 


viscous, 
transparent 



10 Table 2. Synthesis and characteristics of TMC/CL triols. 



Code 


TMC:CL 


TMC 


CL 


TMC:CL 




PDI 


T 9 


T c 




Appear- 




mono- 


conver- 


conver- 


polymer 






(°C) 


rc) 


rc) 


ance at 




mer 


sion 


sion 


(mol%) 












RT 




(mol%) 


(%) 


(%) 
















1 


20:80 


100 


100 


20:80 


4.0 


1.77 


-63.0 


-35.1 


16.0, 


waxy 




















30.3 




2 


40:60 


100 


100 


39:61 


3.8 


1.54 


-60.0 






viscous 



15 The conversions of monomer TMC and DLLA or CL and the 

composition of the resultant copolymer were determined from 
the 1 H-NMR spectra of the crude products. The a-methylene 
protons in the oligomer triols were shifted to 4.18-4.26 ppm 
from 4.44 ppm for the original a-methylene protons from 

20 trimethylene carbonate. The a-methylene protons in the 

oligomer triols were shifted to 1.39-1.63 ppm from 1.65-1.67 
ppm for the original a-methylene protons from D,L-lactide. 

The monomer conversion for the polymerization was 
determined using the integral intensities of the 

25 corresponding monomeric and oligomeric peaks. Similarly the 
conversions of TMC and CL during the co-polymerization were 
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also determined, as the Gf-methylene resonances of monomeric 
(m, 2H, 5 s - 2 . 52-2 . 67ppm) and polymeric (m, 2H, 5=2 . 23-2 . 4 Oppm) 
CL were separated. Under the reaction conditions applied, the 
conversion of the monomer was almost complete. 
5 Tii.' molecular weight of the triol can be controlled 

by (coin... rv :nors and glycerol feed ratio, as confirmed by GPC 
resull;:/. Tr— designed molecular weight of all these triols 
was 351 .vmol. The composition of the triols (with different 
molar com - nt of TMC unit) can be tuned by changing the 
10 (co)moncrri-.-r ratio. In this manner TMC /DLL A and TMC/CL 
oligomer triols with controlled molecular weights and 
compos i Lion::- were obtained. 

Tiv? glass transition temperature of the triols 
decrease-, with increasing the content of TMC content in the 
15 oligomer triols. This is in good agreement with linear high 
molecular weight poly (TMC/DLLA) copolymers. The oligomer 
triols varied from viscous liquid to waxy or brittle solid at 
room temperature depending on their composition. 

The ethyl fumarate f unctionalization of the linear 
20 PEG and PCL diols and star-shaped TMC/DLLA and TMC/CL triols 
were carried out through the reaction with fumaric acid 
monoethyl ester at room temperature. The reaction was under 
mild conditions using DMAP as a catalyst and DCC as a 
coupling agent. The functionalization was confirmed by a H-NMR 
25 spectra. A typical X H-NMR spectrum of TMC/DLLA f unctionalized 
prepolymer (macromer) is shown in Figure 1. The thermal 
properties of the f unctionalized prepolymers (macromers) were 
similar to their precursor diols or triols. 

30 Photo crosslinki nq of the ethvl fumarate end-capped 
prepolymers 

The photo crosslinking of the ethyl fumarate end- 
capped prepolymers was performed using a UV tube with 360 nm 
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wavelength. The f unctionalized prepolymer (macromer) films 
were prepared from their chloroform solution. First the photo 
initiator concentration and UV irradiation time on the gel 
content of the resultant polymer networks were studied. The 
5 highest gel content was obtained when lwt% photo initiator 
and 3hrs UV irradiation time were applied. Therefore all the 
experiments were carried out under these conditions. Linear 
PCL and PEG and star shaped TMC/DLLA and TMC/CL prepolymers 
terminated with ethyl fumarate groups were used for the 
10 synthesis of biodegradable networks. Gel contents of the 

resultant biodegradable networks ranging from 67% to 96% were 
obtained for these linear and star-shaped functionalized 
prepolymers (macromers) . The characteristics of the obtained 
polymer networks are summarized in tables 3-5. 

15 



Table 3. Synthesis and characteristics of TMC/DLLA macromers 
and networks. 



Code 


TMC : DLLA 
polymer 
(mol%) 


K 


PDI 


Yield 
(%) 


T g of 
macromer 

ro 


Appearance 
at RT 


Gel 
content 
(%) 


T g of 
networks 
(°C) 


1 


0:100 


4.7 


1.17 


74.0 


34.3 


brittle 


81.4 


38.6 


2 


20:80 


4.4 


1.44 


72.0 


. 17.3 


glassy 


77.8 


23.0 


3 


40:60 


4.2 


1.39 


74.0 


7.0' 


sticky 


75.8 


14.0 


4 


60:40 


2.9 


1.49 


68.2 


-8.7 


viscous 


67.3 


12.0 


5 


80:20 


3.7 


1.16 


69.6 


-13.8 


viscous 


72.6 


1.4 



25 Table 4. Synthesis and characteristics of TMC/CL macromers 
and networks. 



Code 


M 


PDI 


Yield 
(%) 


Appear- 
ance 
at RT 


T g of 
macro- 
mer 

ro 


T c 

(°C) 


ro 


Gel 
conten 
t 

(&) 


T g of 
net- 
works 
(°C) 


T c of 
net- 
works 
<°C) 


T a Of 
net- 
works 
(°C) 


1 


4.8 


1.54 

i 


71.2 


waxy 


-59.1 


-19.5 


9.5, 
29.2 


86.1 


-49.7 


-13.8 


28.6 


o 


4.0 


1.72 


69.3 


viscous 


-53.7 






79.8 


-44.5 
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Table 5. Synthesis and characteristics of PCL and PEG 
macromers and the resultant networks. 



5 





Yield of 
macromer 
(%) 


T g of macromer 
(°C) 


of macromer 

ro 


Gel 
content 
(%> 


PCL2000 


71.0 


-57.4 


50.3 


68.0 


PCL1250 


66.0 


-57.5 


42.0, 
48.8 


76.7 


PEG4000 


73.0 


-37.4 


53.6 


96.2 


PEG2000 


68.0 


-35.8 


40.5 


88.6 



Figure 2 shows the thermal properties of TMC/DLLA 
triols, functionalized prepolymers (macromers) and the 
resultant networks as a function of TMC content in the 
oligomers. It can be seen that the glass transition 
temperatures of the resultant polymer networks increased 
compared to their corresponding functionalized prepolymers 
(macromers) . In the case of semi-crystalline functionalized 
prepolymers (macromers), the melting temperatures of the 
finals networks decreased compared to their macromers. 

As the glass transition temperature and melting 
temperature of the functionalized prepolymers (macromers) can 
be readily controlled by variation of their composition, the 
possibility is provided of varying the thermal properties of 
the final polymer networks. 

25 Conclusion 

Synthesis of networks was developed by UV photo 
crosslinking of ethyl fumarate end-capped PEG, PCL, 
poly (trimethylene carbonate-co-D, L-lactide) , and 
poly (trimethylene carbonate-co-e-caprolactone) macromers . 
30 The linear or star-shaped functionalized prepolymers 

(macromers) were prepared by ethyl fumarate f unctionalization 
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of hydroxyl-terminated prepolymers under mild conditions. The 
biocompatible, and especially biodegradable, networks are 
designed to release only non-toxic degradation products. 

5 Example 2 . Biocompatible elastomeric PEG/PTMC hydrogels 
prepared by UV photo crosslinking 

* 

Introduction 

Thi:' example describes the synthesis of 
10 biocompatible, and especially biodegradable, elastomeric 
hydrogcio h:i:£od on 1 , 3-trimethylene carbonate and 
poly (ethylene glycol) by UV photo crosslinking. To obtain 
such hydrogels ethyl fumarate groups were linked to the 
chain-ends of oligo (ethylene glycol-co-trimethylene 
15 carbonate) diols or triols. 

Experimen tal 

Materials 

1, 3-trimethylene carbonate (TMC) (1, 3-dioxan-2-one) 
20 was obtained from Boehringer Ingelheim, Germany. Stannous 
octoate (SnOct 2 ) was used as received from Sigma, USA. 
Furnaric acid monoethyl ester and 4- (dimethylamino) pyridine 
(DMAP) were purchased from Aldrich. 

N,N-dicyclohexylcarbodiimide (DCC) was purchased from Fluka. 

25 Dichloromethane (Biosolve, the Netherlands) was dried over 
CaH 2 and distilled. 2 , 2-dimethoxy-2-phenylacetophenone 
( (DMPA, Aldrich) was used as a non toxic photo-initiator. 
Petroleum ether (b.p. 40-60 °C) was purchased from Merck 
(Germany). Poly (ethylene glycol) (PEG) (Mn=2*10 3 g/mol) was 

30 obtained from Fluka. Branched poly (ethylene glycol) (3-arm, 
MW=10*10 3 g/mol) was purchased from Shearwater corporation. 
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Synthesis of linear and branched ethyl fumarate end-capped 
prepol vmers 

The synthesis of linear and 3-armed ethyl fumarate 
end-capped prepolymers were prepared by ring-opening 
5 polymerization of 1, 3-trimethylene carbonate using linear or 
branched PEG as an initiator and stannous octoate as a 
catalyst followed by esterif ication of the corresponding 
oligomer diol or triol with fumaric acid monoethyl ester in 
the presence of DMAP and DCC at room temperature. 

A typical reaction was carried out as follows. In an 
argon atmosphere, linear or branched poly (ethylene glycol),. 
1, 3-trimethylene carbonate, and 2*1CT 4 mol of stannous octoate 
per mol of monomer were added into a three-necked flask. The 
molecular weights of the polymer diols or triols were varied 
15 by adjusting the monomer/ poly (ethylene glycol) ratio. The 
reaction was carried out at 130 °C under stirring for 40 hr. 
Then the reaction mixture was cooled to room temperature and 
dissolved in dichloromethane . The product was purified by 
precipitation in an excess of petroleum ether to remove the 
20 unreacted monomer. The products were then dried in a vacuum 
oven for 2 days at room temperature. 

Ethyl fumarate end-capped prepolymers were prepared 
as follows. The functionalization of branched 
10000PEG50PTMC50 triols is taken as an example. Three-armed 
25 PEG/PTMC oligomer triol (0.0001 mol) was charged in a 50 ml 
three-necked flask equipped with a magnetic stirrer. The 
oligomeric triol was dried by heating at 130 °C under vacuum 
for 6 hr. After cooling to room temperature, 30 ml of dried 
dichloromethane was added. The contents of the reaction flask 
30 were kept under a dry argon atmosphere at room temperature 
while stirring. Then 0.00036 mol of fumaric acid monoethyl 
ester was added to the triol solution. The mixture was 
stirred for another 30 minutes before a chloroform solution 
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containing DCC (0.00036 mol) and DMAP (0.00001 mol) was added 
drop-wise during vigorous stirring. The reaction was 
continued at room temperature for 48 hr. During the reaction, 
dicyclohexylurea (DCU) was precipitated as a white solid. The 
5 precipitate was removed by filtration, and the filtrate was 
precipitated in an excess of petroleum ether. The product was 
recovered by filtration and dried in a vacuum oven for 40 hr 
at room temperature to a constant weight. 

10 Photo-crosslinking of the f unctionalized prepolymers 
(macromers) 

Functionalized prepolymer (macromer) and 
photoinitiator were mixed in chloroform, cast, and after 
solvent evaporation, the resulting transparent films were 

15 exposed to UV light (15 W, 360nm UV-tube light; Philips, The 
Netherlands) * The distance between the UV lamp and the sample 
was 10 cm. Photo-crosslinking time was controlled for 3 hr. 
After photo-crosslinking, the gel content of the resultant 
networks was measured. 

20 The gel content is defined as the percentage of 

insoluble part against the total weight of the crosslinked 
structure before extraction. Extraction was performed in 
chloroform at room temperature for 24 hr. 

25 Gel content = Wi/w 2 x 100% 

Wherein w x is the weight of insoluble part after extraction 
and w 2 the total weight of the inadiated structure before 
extraction. 
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Characterization 

The synthesized prepolymers and f unctionalized 
prepolymers (macromers) were characterized with respect to 
the monomer conversion and chemical composition by nuclear 
5 magnetic resonance (NMR) spectroscopy. 300 MHz ^-NMR (Varian 
Inova 300 MHz) spectra were recorded using oligomer or 
macromer solutions in CDC1 3 (Sigma, USA). 

Thermal properties of the oligomers, f unctionalized 
prepolymers (macromers), and resultant polymer networks were 
10 evaluated by differential scanning calorirnetry (DSC) . Samples 
of 5-15 mg were placed in stainless pans and were analysed 
with a Perkin Elmer DSC-7 at a heating rate of 10 °C/min. All 
samples were heated to 100 °C. The samples were then quenched 
f rapidly (300 °C/min) until -80 °C and after 5 min a second 
15 scan was recorded. Unless mentioned otherwise, the data 
presented were taken collected during the second heating 
scan. The glass transition temperature was taken as the 
midpoint of the heat capacity change. Indium and gallium were 
used as standards for temperature calibration. 

20 

Tensile testing 

The tensile strength and elongation at break of the 
polymer networks were obtained at room temperature using a 
Zwick tensile tester equipped with a 500 N load cell at a 
25 crosshead speed of 50 mm /min. 



Results 



Synthesis of et hyl fumarate end-capped prepolymers 

To synthesize the amphiphilic biodegradable polymeric 
networks, ethyl fumarate end-capped prepolymers were 
prepared by ring-opening polymerization 1, 3-trimethylene 
carbonate at 130°C in the presence of linear or branched PEG, 
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and subsequent f unctionalization of the resultant diol or 
triol . 

The conversions of monomer TMC were determined from 
the 1 H-NMR spectra of the crude products. The a-methylene 
5 protons in the oligomer diol and triol were shifted to 4.18- 

4.26 ppm from 4.44 ppm for the original ? -methylene protons 
from trimethylene carbonate. The monomer conversion for the 
polymerization was determined using the integral intensities 
of the corresponding monomeric and oligomeric peaks. 
10 Under the reaction conditions applied, the conversion 

of the monomer was almost complete (99.8 and 97.2% initiated 
with linear PEG 2000 and 3-armed PEG 10000, respectively) . 

Table 6 shows the synthesis and characteristics of 
linear and branched PEG/PTMC oligomeric diol/ triol. It was 
15 observed that the chemical composition of the diol or triol 
was in good agreement with the feed ratio. This correlates 
with the high TMC conversion during the ring-opening 
polymerization. The oligomeric diol and triol were waxy solid 
at room temperature. The linear 2000PEG50PTMC50 can be 
20 dissolved in water, while branched 10000 PEG50PTMC50 is water 
insoluble. The phase transition behavior of linear 
2000PEG50PTMC50 diol is illustrated in Figure 3. When the 
concentration of the diol aqueous solution reached to 30 wt%, 
it formed a gel in the temperature range of 4-30 °C. Upon 
25 increasing temperature to 34 °C the gel started to flow. 

Further increase in temperature led to the precipitation of 
the polymer. 
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Table 6. Synthesis and characteristics of linear and branched 
PEG/PTMC oligomeric diol/triol 





PEG/PTMC 


T.inp^r ?ftnftpmsnPTMr^n 


branched 
10000PEG50PTMC50 




Molecular weight of PEG 


2000 


10000 


5 


Feed ratio, 
PEG : TMC (wt) 


50:50 


50:50 




Conversion of TMC (%) 


99.8 


97.2 




Composition* 
PEG:PTMC (wt) 


50:50 


52:48 


10 


Water solubility 


soluble 


insoluble 




T g CO 


-44.1 


-44.7 




T c CO 


-17.9 


-17.4 




T n {°C) 


38.6 


44.0 



'determined by 2 H-NMR analysis 



15 

The ethyl fumarate f unctionalization of the linear 
PEG/PTMC diol and star-shaped PEG/PTMC triol was carried out 
through the reaction with fumaric acid monoethyl ester at 
room temperature. The reaction was under mild conditions 
20 using DMAP as a catalyst and DCC as a coupling agent. 

Yields of more than 80% of the products were 
obtained. a H-NMR analysis of the resultant f unctionalized 
prepolymers (macromers) showed resonances at ??? 6 . 80-6. 84ppm 
(A, AM, 2H; 4.20-4.24ppm (B) , 2H; 1.25-1.29ppm (C) , 3H, 
25 respectively, confirming the esterif ication reaction between 
the hydroxyl group of the diol or triol and the carboxyl 
group of the fumaric acid monoethyl ester. A, A', B, and C are 
defined in the molecule as follows. 

3Q — 0— CO— CH=CH— COOCH 2 CH 3 

A A' B C 

The thermal properties of the f unctionalized 
prepolymers (macromers) were similar to their precursor 
linear diol or branched triol, as shown in Table 7 and Figure 
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4. The linear 2000PEG50PTMC50 macromer was soluble in water. 

The macromer solution displays similar thermosensitivity 

behavior as the linear 2000PEG50PTMC50 diol. With increasing 

the concentration of the macromer, the cloud points of the 
5 linear macromer increased. 



10 



15 



Table 7. Characteristics of linear and branched PEG/PTMC 
functionalized prepolymers (macromers) and the resultant 
networks . 





Linear 


branched 




2000PEG50PTMC50 


10000PEG50PTMC50 




macromer 


network 


macromer 


network 


Water solubility 


soluble 


insoluble 


insoluble 


insoluble 


T g (°C) 


-43.3 


-38.8 


-43. 4 


-42.5 




-16.0 


-7.2 


-20.4 


-17.8 


T B (°C) 


37.9 


40.5 


46.8 


44.9 


Gel content {%) 




94.5 




90.7 



Photo crosslinkinq of the ethyl fumarate end-capped macromers 

The photo crosslinking of the ethyl fumarate end- 

20 capped prepolymers was performed using a UV tube with 360 nm 
wavelength. The functionalized prepolymer (macromer) films 
were prepared from their chloroform solutions. First the 
photo initiator concentration and UV irradiation time on the 
gel content of the resultant polymer networks were studied. 

25 The highest gel content was obtained when the concentration 
of photo initiator was lwt% and the UV irradiation time was 
3hrs. All the experiments were carried out under these 
conditions . 

Gel contents of the resultant biodegradable networks 
30 were 94.5 and 90.7% for the linear and star-shaped macromers. 

The glass transition temperatures of the resultant 
polymer networks increased compared to their corresponding 
macromers. In the resultant networks, the crystallization 
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temperature and melting temperature were slightly shifted 
(see Figure 4). The crystallinity of the networks largely 
decreased. It can be attributed to the inhibition 
crystallization on the cross-linking. 
5 The swelling behavior of the resultant PEG/PTMC 

networks as a function of temperature is shown in Figure 5. 
It was observed that the swelling capacity of the 
2000PEG50PTMC50 networks was much lower than that of the 
10000PEG50PTMC50 networks, even though the weight percentage 
10 of the hydrophilic component was comparable. The longer PEG 
chain in the latter networks may result in a higher water 
uptake. 

In both of the two networks the swelling capacity 
decreased with increasing temperature. This is because the 
15 hydrophobic interactions dominate when increasing 

temperature. For a fixed structure of the copolymer networks, 
the swelling capacity can thus be accurately controlled by 
temperature . 

The mechanical properties of the resultant networks 
20 in both dry and wet states are shown in Table 8. It can be 
seen that in both cases the branched 10000PEG50PTMC50 was 
more flexible compared to the linear 2000PEG50PTMC networks, 
possessing lower modulus and much higher elongation at break. 
In the hydrated state, the mechanical properties of the 
25 crosslinked networks significantly decreased. 
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Table 8. Mechanical properties of the resultant PEG/PTMC 
networks . 



network 


state 


E-modulus 
(MPa) 


.... 

Tensile 
strength 
(MPa) 


Elongation at 
break 
(%) 


linear 2000PEG50PTMC50 


dry 


94.3 


3.0 


3.1 


linear 2000PEG50PTMC50 


wet 


3.97 


0.99 


32.6 


branched 10000PEG50PTMC50 


dry 


66.1 


14.0 


47.4 


branched 10000PEG50PTMC50 


wet 


3.16 


1.47 


37.7 . j 



Conclusions 

10 Biocompatible, and especially biodegradable, 

elastomeric hydrogels have been synthesized by UV photo 
crosslinking of ethyl fumarate end-capped prepolymers. The 
functionalized prepolymers (macromers) were prepared by ring- 
opening polymerization of trimethylene carbonate using linear 

15 or branched poly (ethylene glycol) as an initiator and 

stannous octoate as a catalyst, followed by esterif ication 
with fumaric acid monoethyl ester in the presence of N,N- 
dicyclohexylcarbodiimide (DCC) and 4-dimethylamino pyridine 
(DMAP) at room temperature. The resultant polymer networks 
20 displayed thermosensitve properties and can be used in 
biomedical fields. 

Example 3. Creep-resistant biodegradable poly (trimethylene 
carbonate) elastomer networks by UV photo-crosslinking. 

25 

Introduction 

This example describes the synthesis of 
biocompatible, and especially biodegradable, elastomeric 
networks formed by photo cross-linking of ethyl fumarated 
30 end-capped prepolymers containing trimethylene carbonate. 

The functionalized prepolymers (macromers) were 
obtained throuqh the reaction of hvdroxvl-t 
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trimethylene carbonate prepolymers and fumaric acid mono-ethyl 
ester under mild conditions. 



Experimental 

5 Materials 

I, 3-trimethylene carbonate (TMC) ( 1, 3-dioxan-2-one) 
was obtained from Boehringer Ingelheim, Germany. Stannous 
octoate (SnOct) 2 was used as received from Sigma, USA. 
Glycerol (spectrophotometries grade) , fumaric acid monoethyl 
10 ester and 4- (dimethylamino) pyridine (DMAP) were purchased 
from Aldrich. N, N-dicyclohexylcarbodiimide (DCC) was 
purchased from Fluka. Dichloromethane (Biosolve, the 
Netherlands) was dried over CaH 2 and distilled. 2,2- 
dimethoxy-2-phenylacetophenone (DMPA) (Aldrich) was used as a 
15 nontoxic photo-initiator. Petroleum ether (b.p. 40-60 °C) was 
purchased from Merck (Germany) . Linear high molecular weight 
PTMC (M n =300,000 g/mol, M w =530, 000 g/mol, T g = -13.9 °C) was 
used as a control. 

20 Synthesis of 3-arm ethyl fumarate end-capped prepolvmers 

The synthesis of the 3-arm ethyl fumarate end-capped 
trimethylene carbonate prepolymers includes two steps: 
preparation of 3-arm . hydroxyl terminated trimethylene 
carbonate oligomers by ring-opening polymerization and 
25 functionalization of the oligomers by the reaction with 
fumaric acid monoethylene ester, as depicted in figure 6. 

Three-armed polymer triols were synthesized by ring- 
opening polymerization of TMC . A typical reaction was carried 
out as follows. In an argon atmosphere, 1, 3-trimethylene 
30 carbonate, glycerol, and 2 * 10' 4 mol of stannous octoate per 
mol of monomer were added into a three-necked flask equipped 
with a magnetic stirrer. The molecular weights of the polymer 
triols were varied by adjusting the monomer/ glycerol ratio. 
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The reaction was carried out at 130 °C under stirring 
for 40 hr. Then the reaction mixture was cooled to room 
temperature and dissolved in dichloromethane . The product was 
purified by precipitation in an excess of petroleum ether to 
5 remove the unreacted monomer and dried in a vacuum oven for 2 
days at room temperature. 

Three-armed ethyl fumarate end-capped f unctionalized 
prepolymers (macromers) were prepared through the reaction of. 
3-armed polymer triols with fumaric acid monoethyl ester in 
10 the presence of DCC and DMAP at room temperature. The 
procedure for the f unctionalization of the triols is as 
follows: Three-armed trimethylene carbonate oligomer triol 
(Mn 6000, 0.001 mol) was charged in a 100 ml three-necked 
flask equipped with a magnetic stirrer. The oligomeric triol 
15 was dried by heating at 120 °C under vacuum for 6 hr. After 
cooling to room temperature, 60 ml of dried dichloromethane 
was added. The contents of the reaction flask were kept under 
a dry argon atmosphere at room temperature while stirring. 
Then 0.0036 mol of fumaric acid monoethyl ester was added to 
20 the triol solution. The mixture was stirred for another 30 
minutes before DCC (0.0036 mol) and DMAP (0.0001 mol) were 
added during vigorous stirring. The reaction was continued at 
room temperature for 48 hr. During the reaction, 
dicyclohexylurea (DCU) was precipitated as a white solid. The 
25 precipitate was removed by filtration, and the filtrate was 
precipitated in an excess of petroleum ether. The product was 
recovered by filtration and dried in a vacuum oven for 4 0 hr 
at room temperature to a constant weight. 
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Photo-cross linkinq of the f unctionalized prepolvmers 
(macromers ) 

Functionalized prepolymer (macromer) and 
photoiniri=itor were mixed in chloroform, cant, and after 
5 solvent -oration the resulting transparent films were 
exposed r ■ =iv light (15 W, 360nm UV-tube light; Philips, 
Holland/. ":'\,- distance between the UV lamp and the sample was 
10 cm. • h- ■■ — crosslinking time was controlled for 3 hr. After. 
photo-cro.-:;l inking, the gel content of the resultant networks 
10 was measuo- :. The gel content was defined as the percentage 
of insolnl-lo part against the total weight of the inadiated 
structure !---.:ore extraction. Extraction was performed in 
chloroform ,-.t room temperature for 24 hr. 



Gel content = Wt/w 0 x 100% 

Wherein is the weight of the insoluble part after 
extraction and w 2 the total weight of the inadiated structure 
before extraction. 

The swelling properties of the networks were also 
measured in chloroform and ethanol, after immersing the 
samples in the solvent for 24 hr. 

Porous structures prepared from the f unctionalized 

prepol ymers (macromers) by photo-crosslinkinq in the presence of 
salt particles 

Porous structures were prepared from the 

functionalized prepolymers (macromers) by photo-crosslinking 

in the presence of leachable salt particles (250-425 pm) . 

Functionalized prepolymer (macromer), salt, and photo 

initiator were premixed in chloroform. After the solvent 

evaporation the mixture was subject to UV irradiation with 

wavelength of 360 nm for 3 hr. The crosslinked network 
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composites were placed in gently stirred demineralized water 
for a period of 4-5 days to leach out the salt. After drying, 
porous structures were obtained. 



5 Characterization 

The synthesized prepolymers (oligomers) and 
functionalized prepolymers (macromers) were characterized 
with respect to the monomer conversion and chemical 
composition by nuclear magnetic resonance (NMR) spectroscopy. 
10 300 MHz 1 H-NMR (Varian Inova 300 MHz) spectra were recorded 
using prepolymer or functionalized prepolymer (macromer) 
solutions in CDC1 3 (Sigma, USA) with tetramethyl silane (TMS) 

as internal reference. 

Thermal properties of the prepolymers (oligomers), 

15 functionalized prepolymers (macromers), and resultant polymer 
networks were evaluated by differential scanning calorimetry 
(DSC) . Samples of 5-15 mg were placed in stainless pans and 
analyzed with a Perkin Elmer DSC-7 at a heating rate of 10 
°C/min. All samples were heated to 100 °C. The samples were 

20 then guenched rapidly (300 °C/min) until -80 °C and after 5 
min a second scan was recorded. Unless mentioned otherwise, 
the data presented were taken collected during the second 

heating scan. 

The glass transition temperature was taken as the 
25 midpoint of the heat capacity change. Indium and gallium were 
used as standards for temperature calibration. 

Molecular weights, molecular weight distributions, 
and intrinsic viscosities of the triol polymers and 
functionalized prepolymers (macromers) were determined by gel 
30 permeation chromatography (GPC) using a Waters Model 510 
pump, a HP-Ti-Series 1050 autosampler, a Waters Model 410 
Differential Refractomer, and a Viscotek H502 Viscometer 
r*_4. . .-: 4-u t ns_i n4_i n3_M n n Watprs tilt ra-Stvraael columns 
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placed in series. Chloroform was used as eluent at a flow 
rate of 1.5 ml min" 1 . Narrow polystyrene standards were used 
for calibration. Sample concentrations of approximately 0.5% 
wt/vol and injection volume of 30 jil were used. All 
5 determinations were performed at 25 °C. 

Tensile testing 

The tensile strength and elongation at break of the 
polymer networks were obtained at room temperature using a 
10 Zwick tensile tester equipped with a 10 N load cell at a 
crosshead speed of 50 mm/min. The constant creep rate was 
calculated from the strain-time curve when the samples were 
loaded to a standard stress (10% yield stress) . 

15 Cyclic tensile testing 

Cyclic tensile testing was carried out at room 
temperature . The specimens (50 mm in length, 5 mm in width 
and 0.1 mm in thickness) were drawn up to 50% strain at a 
rate of 50 mm/min, and then the load was removed. The 

20 following cycles started and ended at the same points as the 
first cycle. After 20 cycles, the specimens were allowed to 
recover for 2hr, before 21 st cycle was performed. The 
permanent set was determined at the beginning of the 21 st 
cycle. Linear high molecular weight PTMC was used as a 

25 control. 

Creep-recovery test 

A static type creep test was performed under 
application of a load corresponding to 4 0% yield stress of 
30 the materials, recording the strain as a function of time at 
room temperature. After 34 hr the load was removed and again 
the strain was measured as a function of time. Linear high 
molecular weight PTMC was also used as a control. 
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Scanning electron microscopy (SEM) 

A Hitachi S800 scanning electron microscope was used 
to examine the morphology of the porous scaffolds. Cross- 
5 sections of the scaffolds were coated with gold using a 
sputter-coater (Turbo Sputter Coater E6700, UK) . 



Results 

Four TMC oligomer triols with different molecular 
10 weights were synthesized using glycerol as a ring-opening 
reagent and are shown in Table 9. 



Table 9. Synthesis and characteristics of TMC triols 



Code 


(theoretical) 


TMC a 

conversion 
(%) 


M„ b 


PDI b 


T c 
<°C) 


Appearance at RT 


1 


4.5 


97.6 


4.3 


1.61 


-28.6 


viscous, 
transparent 


2 


6.0 


98.2 


5.6 


1.53 


-25.1 


gummy/ 
transparent 


3 


9.0 


98.8 


8.7 


1.41 


-23.9 


gummy, 
transparent 


4 


15.0 


98.7 


13.0 


1.28 


-20.7 


sticky, 
transparent 



a) Calculated from 1 H-NMR 
20 b} Determined by GPC analysis with calibrated polystyrene 

standards 
c) Measured by DSC 



The monomer conversion was determined by ^-NMR 
25 analysis of the crude polymerization products. The a- 

methylene protons in the oligomer triols were shifted to 
4.18-4.2 6 ppm from 4.44 ppm for the original a-methylene 
protons from trimethylene carbonate. The monomer conversion 
for the polymerization was determined using the integral 



WO 2005/(102596 



PCT/EP2003/0 11456 



35 

intensities of these two peaks. Under the reaction conditions 
applied, the conversions of the monomer were over 97%. 

The molecular weight (ranging from 4.3*10 3 to 
13.0*10 3 ) of the triol can be controlled by variation of the 
5 monomer/ glycerol ratio, as confirmed by GPC results. It was 
noted that the polydispersity index slightly became smaller 
with increasing the molecular weight of the triols. In this 
manner transparent TMC oligomer triols ranging from viscous 
liquids to sticky semi-solids were obtained. 

10 The glass transition temperature of the triols was 

increased from -28.6 to -20.7 °C by increasing the molecular 
weight of the triols. 

In the following step, the f unctionalized prepolymer 
(macromer) synthesis was carried out by reaction of TMC 

15 oligomer triols with fumaric acid monoethyl ester in the 
presence of DCC and DMAP at room temperature. The 
f unctionalization was carried out in dichloromethane under 
mild conditions and yields of more than 80% of the final 
products were obtained (Table 10) . 

20 



Table 10. Molecular weights and appearance of the ethyl 
fumarate end-capped TMC prepolymers. 



Code 


Mn 


PDI 


Appearance at 
RT 


Yield (%> 


1 


4.5 


1.69 


viscous 


70.1 


2 


5-8 


1.46 


viscous 


75.8 


3 


9.4 


1.19 


waxy 


75.5 


4 


13.9 


1.19 


solid 


87.0 



In table 11 is displayed the attribution of X H-NMR 
30 peaks for TMC oligomer triols and macromers . 1 H-NMR spectra 
confirmed the esterif ication reaction between carboxyl group 
in fumaric acid monoethyl ester and hydroxyl group in TMC 
oligomer triols. 
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Table 11. *H-NMR assignments 



Oligomer 




Chemical shifts 


TMC triol 


* 

0 

r 11 1 

COCH,CH,CHX> H 
BAB 


A: 1.7-2.2ppm,2H; 
B: 3.9-4.2ppm, 4H 


TMC macromer 


— O— CO— CH — CH— COOCH 2 CH 3 

A A 1 B C 


A, A': 6.80-6.S4ppm, 2H; 
B: 4.20-4.24ppm, 2H; 
C: 1.25-1.29ppm, 3H 



5 

In IR-spectra a median absorption band at 1648 cm" 1 , 
which was related to C=C stretching of the ethyl fumarate 
group, was observed after the functionalization. With 
increasing molecular weight, the resultant TMC macromers 

10 appear from viscous liquids to waxy or solids at room 

temperature. The f unctionalized prepolymer (macromer) films 
cast from chloroform were transparent. 

The ethyl fumarate end-capped prepolymers were 
crosslinked by UV light irradiation at 360nm wavelength. 

15 The formation of the crosslinked networks was 

confirmed by IR spectra and gel content of the networks. 
After crosslinking of the f unctionalized prepolymers 
(macromers), the absorption from the double bond in the 
macromers around 1648 cm" 1 disappeared. 

20 The effects of photo initiator concentration and UV 

irradiation time on the gel content of the resultant networks 
were studied. It was found that higher gel content could be 
obtained when 1 wt% photo initiator and 3hr irradiation time 
were applied. Therefore all other experiments were carried 

25 out under these conditions. 

The gel content of the resultant networks and 
swelling ratio of the networks in chloroform and ethanol are 
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shown in Table 12. 



Table 12. Gel content and swelling properties of the polymer 
networks (360 nm, 3hr, DM PA as photo initiator, 1 wt%) 



Code 




Gel content (%) 


Swelling ratio 
in chloroform 
(%) 


Swelling ratio 
in ethanol (%) 


1 


4.5 


79.4 


500 


7 


2 


5.8 


77.8 


570 


8 


3 


9.4 


74-6 


1150 


13 


4 


13.9 


73-9 


1200 


16 



It can be seen that with increasing of the molecular 
weight of the original f unctionalized prepolymers 
(macromers), the gel content of the resultant networks 
slightly decreased under the same conditions. It was also 

15 found that the swelling ratio of the resultant networks was 
increased with increasing the molecular weight of the 
f unctionalized prepolymers (macromers) in both chloroform and 
ethanol. This results from the higher crosslinking density in 
the networks with shorter chain length of the functionalized 

20 prepolymers (macromers) . 

The swelling ratio of the resultant networks in 
chloroform (500-1200%) is approximately 70 times higher than 
that in ethanol (7-16%) . 

The thermal properties of TMC functionalized 

25 prepolymers (macromers) and the resultant networks are shown 
in Table 13. 
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Table 13. Thermal properties of the macromers and the 
resultant networks . 



5 



Macromer 




T g of 


V of 


V of 


TV of 






macromer 


network 


network 


network 






(°C) 


(°C) 


(°C) 


(°C) 


1 


4.5 


-23.2 


-15.8 


-14 .5 


-13.1 


2 


5.8 


-22.6 


-17.0 


-14.3 


-13.3 


3 


9.4 


-19.9 


-18.1 


-17.8 


-13.6 


4 


13.9 


-20.0 


-14.7 


-13.0 


-13.3 



l) before extraction 
2} after extraction in chloroform 
10 3) after extraction in ethanol 

All TMC functionalized prepolymers (macromers) were 
amorphous. It can be seen that with increasing the molecular 
weight of the macromers the glass transition temperature 

15 slightly increased. The glass transition temperature of the 
resultant networks increased about 2-7 °C compared to their 
corresponding functionalized prepolymers (macromers) . After 
extraction with chloroform or ethanol the T g s were further 
increased by about 1-4 °C. 

20 The tensile strength and elongation at break of the 

networks increased with the molecular weight of the 
macromers. When the molecular weight of the macromer was 
increased up to 13.9*10 3 g/mol, the tensile strength and 
elongation at break of the crosslinked networks was 

25 significantly increased up to 14.3 MPa and 750% f respectively 
(Table 14) . Except the elongation at break of the networks 
prepared from the macromer with a molecular weight of 
13.9*10 3 , the mechanical properties were improved after 
extraction of the resultant networks in ethanol, as shown in 

30 Table 14. 
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Table 14. Mechanical properties of TMC networks formed by UV 
photo cross linking . 



macromer 


Network 1 


E-modulus 
(MPa) 


Tensile 
strength 


Lxongacion at s 
break 


4.5 


BE 


1.2 


1.0 


100 


4.5 


AE 


2.1 


1.5 


130 


5.8 


BE 


1.1 


1.6 


230 


5.8 


AE 


1.8 


2.9 


210 


9.4 


BE 


1.0 


1.8 


370 


9.4 


AE 


2.0 


3.4 


380 


13.9 


BE 


1.8 


14.3 


750 


13.9 


AE 


2.3 


14.9 


750 



10 



15 



i) 



BE: before extraction; AE: after extraction 



Cyclic tensile experiments showed that all the PTMC 
networks prepared by UV photo crosslinking before and after 
20 extraction in ethanol were very elastic, possessing zero 

permanent set. 

Under the same experimental conditions, 5.0% 
permanent set was observed after 20 consecutive deformation 
cycles in the linear high molecular weight PTMC. 

25 In linear high molecular weight PTMC the flow of 

chain segment is more likely to occur than in the crosslinked 
networks especially under external stress. In other words, 
photo crosslinking restricts the flow of the chain segments 
under loading conditions and favors the creep-resistance. 

30 Also, strain-induced crystallization was detected in linear 
high molecular weight PTMC by DSC, while in the PTMC networks 
created by UV irradiation, there was no strain-induced 
crystallization observed. 
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The result of a static type creep-recovery test 
performed under loads corresponding to 40% yield stress as a 
function of time is shown in Figure 7. It can be seen that 
the PTMC networks show much lower creep rates than that of 
5 linear high molecular weight PTMC. During the 34 hrs loading 
period, the creep deformation of the crosslinked networks 
increased with time only in the first 2hrs, then remained 
constant at 30% strain for the rest period. While in the case 
of the linear high molecular weight PTMC, the creep 

10 deformation continues with time up to about 4 00 % strain. 

Most importantly, after removing the load, the amount 
of recovery of the PTMC networks is significantly higher than 
the linear counterpart. After about 2-3 hr full recovery to 
their original length was observed in the crosslinked : 

15 networks, while there was still about 230% of strain 1 
remaining even after 24 hrs for the linear high molecular 
weight PTMC. 

Therefore the creep resistance of the photo cross- 
linked PTMC networks has been much improved compared to the 

20 linear high molecular weight PTMC. As their glass transition 
temperatures were comparable, the marked difference in creep- 
recovery behavior may result from different structures. Due 
to the presence of physical entanglement of polymer chains, 
the glass transition temperature of linear high molecular 

25 weight PTMC can be as high as that of cross-linked networks. 
However, under continuous loading conditions, the chain 
segments in the former were susceptible to disentanglement. 

The flow of chain segments in chemically cross-linked 
networks was much more restricted under the same conditions. 

30 As a result the creep-resistance of the cross-linked networks 
was remarkably improved. 

Porous scaffolds can be readily prepared from these 
ethvl fumarate-end capped prepolvmers bv UV photo 
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crosslinking in the presence of salt particles, followed by 
leaching of the salt particles. 

Figure 8 shows the porous scaffolds prepared in this 
manner. The initial salt content was 75 wt% and salt particle 
5 size was in the range of 250-425 ]im. It was found that the 
introduction of the salt particles into the mixture did not 
influence the UV photo crosslinking process of the 
functionalized prepolymers (macromers) significantly. The 
resultant pore morphology reflected the shape and size of the 

10 salt particles used. The porosity was close to the 

theoretical value. Therefore, the pore size and porosity of 
the resultant porous structures can be well controlled by 
variation of the salt particle size range and the salt weight 
fraction in the mixture, respectively. 

15 The mechanical properties of porous scaffolds depend 

on the materials used as well as their porosity and pore 
structure. As the mechanical properties of the TMC networks 
prepared by photo crosslinking are largely dependent on the 
molecular weight of the functionalized prepolymers 

20 (macromers) , the mechanical properties of the scaffolds can 
be tuned by varying the molecular weight of the 
functionalized prepolymers (macromers), the porosity of the 
scaffold or pore morphology. Therefore this technique 
facilitates the optimization of porous structures, which can 

25 be used in tissue regeneration or in medicine fields. 
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Conclusion 

Biodegradable rubbery networks were developed by UV 
photo crosslinking of 3-arm ethyl fumarate end-capped 
trimethylene carbonate prepolymers (oligomers) . The 
5 functionalized prepolymers (macromers) were prepared by ring- 
opening polymerization of trimethylene carbonate in the 
presence of glycerol as an initiator and stannous octoate as 
a catalyst, followed by ethyl fumarate f unctionalization 
under mild conditions. The resultant networks were highly 

10 elastic and creep-resistant. 

Porous structures were also readily prepared from the 
functionalized prepolymers (macromers) by photo-crosslinking 
in the presence of leachable salt particles followed by salt 
leaching. The resultant elastomer networks are to be used in 

15 soft-tissue engineering as well as in other biomedical 
fields . 



